The International Agency for Research on Cancer (IARC) concluded that alcohol consumption is related to colorectal cancer (CRC). However, several issues remain unresolved, including quantification of the association for light (£1 drink/day) and moderate (2-3 drinks/day) alcohol drinking, investigation of the dose-response relationship, and potential heterogeneity of effects by sex, colorectal site, and geographical region.
precise quantification of the association for light and/or moderate alcohol consumption and the identification of a possible threshold of effect remain to be determined. Secondly, it is still uncertain whether the effect of alcohol varies across colon and rectal anatomical subsites. Some studies have reported a stronger alcohol-cancer risk association in the colon than in the rectum [18] [19] [20] , whereas others have found a stronger [21] [22] [23] [24] [25] or similar [7, 8, 11] association for the rectum. In addition, the few studies that have investigated the association between alcohol consumption and the risk for cancer in the proximal or distal colon showed a strong positive association in the latter and a weak or null association in the former [7, 11, 18, 22, [26] [27] [28] . Thirdly, the dose-response relationship is less apparent in women, probably because they tend to consume less alcohol than men. To date, the largest cohort study among women, with 6300 cases of colorectal cancer, has shown a small and statistically significantly increased risk for rectal, but not colon, cancer [23] . However, the range of alcohol consumption in this cohort was narrow. Finally, the association of alcohol drinking with colorectal cancer risk may be stronger among Asian populations as compared with Western populations, but this may also be due to random variation. Therefore, in order to address these issues we conducted a meta-analysis for any, light, moderate, and heavy alcohol drinking, and dose-risk meta-regression analysis of observational studies published before May 2010 on alcohol consumption and colorectal cancer.
methods search strategy and inclusion criteria
Publications were identified in PubMed using the Me SH terms 'alcohol', 'ethanol', 'alcoholic beverages', and 'colorectal neoplasms' as key words, following the MOOSE (Meta-analyses Of Observational Studies) guidelines [29] . Also, reference lists of the identified articles and previous literature reviews and meta-analyses were carefully examined for additional studies. The criteria for inclusion were as follows: (i) observational epidemiological studies (case-control, case-cohort, or cohort) on total alcohol intake and colorectal cancer incidence or mortality in general population, (ii) published in English before May 2010 (except for one article by Lim and Park [30] in Korean, in which all relevant data and tables were presented in English), (iii) reporting the odds ratio (OR) or relative risk (RR) estimates with the corresponding 95% confidence intervals (CI) or sufficient information to calculate them for each alcohol exposure level, and (iv) reporting an association for at least three categories of alcohol consumption. When several reports were published on the same study, only the most recent and informative one was included. data abstraction Figure 1 shows the flowchart for the selection of articles. For each study, the following information was extracted: study design, country, number of patients, duration of follow-up for cohort studies and type of controls for case-control studies, sex, variables adjusted for in the analysis, risk estimates for categories of alcohol drinking and the corresponding 95% CIs, and, when available, the number of cases and noncases or person-years for each level of alcohol consumption. A quality of each study was assessed according to the predefined criteria [31] , which addressed study design, assessment of alcohol drinking, and data analysis.
The range of the quality score was between 0 (lowest) and 10 (highest) ( Tables 1 and 2 ).
statistical methods
The multivariate-adjusted risk estimates were included in the metaanalyses; however, when unavailable, unadjusted RRs were computed from the exposure distributions for cases and controls as reported in the published article. When studies reported adjusted RR estimates without CIs, the 95% CI for the unadjusted RR estimate penalized by a factor of 1.5 was computed.
Different studies used different units to express alcohol intake. Therefore, alcohol consumption was converted into grams of ethanol per day using the following conversion factors: 1 drink = 12.5 g; 1 ounce = 28.35 g; and 1 ml = 0.8 g. The dose associated with each RR estimate was computed as the midpoint of the corresponding exposure category. When the highest category was open ended, the midpoint was calculated as 1.2 times its lower bound [77] . Nondrinkers or occasional alcohol drinkers were the reference category. Light alcohol drinking was defined as consumption of £1 drink/ day (£12.5 g/day of ethanol), moderate as 2-3 drinks/day (12.6-49.9 g/day of ethanol), and heavy as consumption of ‡4 drinks/day ( ‡50 g/day of ethanol). When more than one study category fell in the range considered for light, moderate, or heavy drinking, or when the same set of controls was used for colorectal cancer subsites (colon and rectum, proximal and distal colon), we combined the corresponding risk estimates using the method by Hamling et al. [78] . When a study reported risk estimates and 95% CI relative to a reference category other than nondrinkers or occasional drinkers, with available data for nondrinkers, the RRs were recalculated using the nondrinkers or occasional drinkers as reference by the method proposed by Greenland and Longnecker [79] .
A random effects model was used to estimate pooled RRs in order to take into account the heterogeneity of the risk estimates and to provide more conservative estimates compared with the fixed effects model [80] . Forest plots were done for any, light, moderate, and heavy versus nonconsumption and occasional alcohol consumption. However, only two forest plots for moderate and heavy alcohol consumption are presented. Statistical heterogeneity between studies was assessed with the chi-square statistic and quantified by I 2 , a statistic that represents the percentage of total variation contributed by between-study variation [80, 81] . A significant heterogeneity was defined as a P value <0.10. To investigate potential sources of betweenstudy heterogeneity, subgroup analyses and meta-regression models were conducted. Also, sensitivity analyses were carried out to assess whether the s  n  o  i  t  a  c  i  l  b  u  p  7  5   a  i  r  e  t  i  r  c  n  o  i  s  u  l  c  n  i  t  e  e  m  t  o  n  d  i  d  (  d  e  d  u  l  c  x  e  3  8  4   a   )   s  n  o  i  t  a  c  i  l  b  u  p  8  7  d  e  d  u  l  c  x  e  7  1   r  o  /  d  n  a  y  d  u  t  s  e  m  a  s  e  h  t  f  o  s  t  r  o  p  e  r  e  t  a  c  i  l  p  u  d  [  r  o  d  e  t  n  e  s  e  r  p  )  r  e  e  b  ,  .  g  .  e  (  e  g  a  r  e  v  e  b  c  i  l  o  h  o  c  l  a  e  n  o  y  l  n  o  r  o  f  a  t  a  d  ]  e  r  u  s  o  p  x  e  l  o  h  o  c  l  a  f  o  s  e  i  r  o  g  e  t  a  c  3  n  a  h  t  s  s  e  l   w  e  i  v  e  r  m  o  r  f  d  e  i  f  i  t  n  e  d  i  e  r  e  w  s  e  i  d  u  t  s  l  a  n  o  i  t  i  d  d  a  1  2  s  e  l  c  i  t  r  a  d  e  v  e  i  r  t  e  r  f  o   a  t  r  o  h  o  c  7  2  (  s  e  i [83] , the trim and fill method [84] , and the contourenhanced funnel plots [85] .
A dose-response analysis was carried out using both linear and nonlinear random effects models on the natural logarithm of the RR using the method by van Houwelingen [86] , which was modified by our group [87] . This method accounts for correlation between reported risk estimates within the same study, heterogeneity between the studies, and nonlinear dose-risk relation. Thirty-six second-order fractional polynomial random effects models and linear random effect models were tested. The 
alcohol intake and CRC incidence
A total of 57 studies on colorectal cancer incidence and alcohol intake published between 1986 and 2010 were identified, among which 22 studies were from Asia (Japan, Korea, China, Hong Kong, and Singapore), 2 from Australia, 13 from Western Europe, and 24 from North America (Canada and United States). Of all these studies, 22 reported fully adjusted risk estimates and 36 reported risk estimates adjusted for tobacco smoking (Tables 1 and 2 ).
The pooled random effects RRs for comparison with nondrinkers were as follows: any drinkers, 1.12 (95% CI 1.06-1.19); light drinkers, 1.00 (95% CI 0.95-1.05); moderate drinkers, 1.21 (95% CI 1.13-1.28); and heavy drinkers, 1.52 (95% CI 1.27-1.81) ( Table 3 ). The relative risks were higher for rectal than for colon cancer among any drinkers (P = 0.03) and light drinkers (P = 0.05), but about the same among moderate and heavy drinkers. There was no significant heterogeneity of effect estimates by colon subsites among any and light drinkers. However, there was a nonsignificant increased risk for cancer of the distal colon compared with the proximal colon among moderate (P = 0.12) and heavy (P = 0.18) drinkers. Men had statistically significantly higher risk than women among any drinkers (P = 0.001) and moderate drinkers (P = 0.02). Geographical region, type of study, study quality, adjustment for main confounders (age, sex, smoking, body mass index, and physical activity), and year of publication were not significant sources of heterogeneity. For colorectal cancer, a potential heterogeneity by geographical location was observed only among heavy drinkers (P = 0.04), with the highest risk summary estimate of 1.81 (95% CI 1.33-2.46) for studies conducted in Asia and the lowest risk summary estimate of 1.16 (95% CI 0.95-1.43) for studies conducted in Europe (supplemental Figure S1 , available at Annals of Oncology online). RRs were systematically higher in hospital-based casecontrol studies than in population-based case-controls; however, the difference was not statistically significant. Figure 2A presents RRs for colorectal cancer incidence and moderate alcohol intake, compared with no alcohol intake in men and women from 31 case-control and 22 cohort studies. Combined, the 53 studies included more than 20 700 colorectal cancer cases. There was a statistically significant heterogeneity among studies (I 2 = 60%, P < 0.001). Summary results did not materially change when studies with no adjustment for potential confounders were excluded (Table 3) . Because there was a significant heterogeneity by sex (P = 0.02), the forest plots are also presented by sex ( Figure 2B and C) . The nine cohort and 12 case-control studies that investigated the association between moderate alcohol intake and colorectal cancer risk among women (involving 6084 cases) did not show heterogeneity (I 2 = 0%, P = 0.50; Figure 2B ), whereas 11 cohort and 21 case-control studies among men showed substantial heterogeneity (I 2 = 55%, P < 0.001; Figure 2C ). The summary RRs of colorectal cancer were 1.08 (95% CI 1.03-1.13) and 1.24 (95% CI 1.13-1.37) for women and men, respectively, for moderate alcohol consumption, compared with nondrinkers. Figure 3 presents RR estimates for colorectal cancer incidence for heavy alcohol drinkers, compared with nondrinkers or occasional drinkers from seven cohort and 12 case-control studies involving 6653 colorectal cancer cases (I 2 = 76%, P < 0.001). The summary RR for heavy drinking was 1.52 (95% CI 1.27-1.81), compared with nondrinkers or occasional drinkers. The majority of studies reported results for men or for men and women combined. Only two studies reported results for women (summary RR = 1.54, 95% CI 1.04-2.29; Table 3 ). Exclusion of studies with no adjustment for potential confounders (N = 12) slightly attenuated the summary RR (1.42, 95% CI 1.13-1.80; Table 3 ).
Detailed evaluation of publication bias suggested that the presence of publication bias is unlikely (supplemental Figures S2  and S3 , available at Annals of Oncology online). Furthermore, several sensitivity analyses showed that the summary estimates are robust to inclusion of studies with certain methodological limitations and are not substantially influenced by definition of the highest alcohol intake category (supplemental material, available at Annals of Oncology online). Results for alcohol intake and CRC mortality were consistent with the results for CRC incidence and are presented in the supplemental material (available at Annals of Oncology online). A. Moderate versus Non-/Occasional Drinkers, Men and Women Figure 2 . Pooled risk estimates for colorectal cancer incidence for moderate alcohol drinkers versus nondrinkers or occasional drinkers from case-control and cohort studies reporting estimates for men and women (A), for women (B), and for men (C). Moderate alcohol consumption was defined as 12.6-49.9 g of alcohol per day (>1-3 drinks/day).
discussion
The results of this meta-analysis support the evidence for a causal relation between high intakes of alcohol and increased risk for colorectal cancer, and provide additional evidence of an association for moderate intakes of alcohol and a shape for the dose-risk relationship. Compared with nondrinkers or occasional alcohol drinkers, moderate drinking (>1-4 drinks/ day, equivalent to 12.6-49.9 g/day of ethanol) was associated with a 21% and heavy drinking ( ‡4 drinks/day, equivalent to ‡50 g/day of ethanol) with a 52% increased risk for colorectal cancer, whereas light alcohol consumption (£1 drink/day, equivalent to £12.5 g/day of ethanol) was not associated with an increased risk. However, results of the dose-risk analysis showed a statistically significant 7% increased colorectal cancer risk for 10 g/day of alcohol intake, which includes light alcohol consumers.
The results for heavy and moderate drinking are consistent with previous pooled [7, 8] and meta-analyses [14, 15, 17] ; however, the results for light drinking in these studies were either not reported or statistically nonsignificant. In our categorical meta-analysis, there was no association between light alcohol intake and colorectal cancer risk; however, the dose-response analysis found a 7% increase in colorectal cancer risk for low doses. The differences between the dose-response analysis and meta-analysis for light drinkers may likely be explained by the different methods used. The dose-response analysis of aggregate data with the use of fractional polynomial allows investigation of functional relations but does not overcome the general limitations of modeling because the risk estimates for low alcohol doses may be influenced by the function used and affected by observations in high-dose categories and by exposure misclassification in general [87] .
The association of alcohol drinking with colorectal cancer risk did not differ by colon and rectal anatomic subsites, consistent with previous meta-analysis [13] [14] [15] and pooled analysis [7, 8] . The findings according to proximal and distal colon subsites were consistent with the previous observational studies and one pooled analysis [7, 11, 18, 22, [26] [27] [28] . Our results suggested a stronger positive association of moderate and heavy alcohol drinking with cancer in the distal colon compared with cancer in the proximal colon, but the difference was not statistically significant.
The results for alcohol drinking and colorectal cancer risk appeared to be similar between men and women for any and light drinkers. There was a suggestion that the colorectal cancer-moderate alcohol drinking association is stronger among men than among women. This can be explained by the limited number of studies reporting data on high alcohol intake among women, by lower average alcohol consumption in women as compared with men, and/or by possible effect modification of the association by sex.
A large number of studies in our meta-analysis allowed us to investigate whether the association between alcohol drinking and colorectal cancer risk is stronger among Asian populations. Consistent with the previous pooled analyses of prospective studies from North America and Europe [7] and Japan [8] , our study has found a slightly stronger association between alcohol drinking and colorectal cancer risk among studies from Asia when compared with studies from other geographical regions. Potential explanations for these findings include (i) a high prevalence (up to 30%) of the slow-metabolizing variant of aldehyde dehydrogenase enzyme, which is associated with increased blood levels of acetaldehyde after alcohol ingestion [88] , and (ii) other nongenetic factors, e.g. body composition [8] . No studies were published on colorectal cancer-alcohol intake association among South American and African populations; therefore, further research in these populations is required.
Our meta-analysis had several strengths, including an extensive search of literature on the association between colorectal cancer risk and alcohol drinking that was conducted to identify all published articles before May 2010. Furthermore, the associations for colon and rectal cancers were evaluated separately, as well as the associations by sex, geographical region, and other factors. Finally, two different methods were used to investigate the association between colorectal cancer risk and alcohol consumption, which allowed us to conduct traditional meta-analysis by categories of alcohol drinking and dose-response analysis.
Our meta-analysis also had some limitations. A statistically significant heterogeneity between the studies for moderate and high alcohol doses, including open-ended categories, was observed, which was likely to be attributed to the variation in review study design and quality. The type of alcoholic beverage, as well as lifetime exposure to alcohol, and drinking patterns were not included in the meta-analysis because very few studies investigated them. Furthermore, high alcohol intake may be associated with behaviors that predispose to colorectal cancer, such as smoking, unhealthy diet, and low physical activity [89] [90] [91] [92] ; however, exclusion of studies with no adjustment for main risk factors resulted in no substantial change of summary estimates. Another limitation was that we did not examine whether the association of alcohol with colorectal cancer risk varied by folate status, smoking, or other potential modifying factors because very few studies investigated these associations. Furthermore, our results are likely to be affected by some degree of alcohol exposure misclassification. However, studies with a high-quality score, which have a better collection of alcohol exposure data, found results similar to those reported by the studies with low-quality score. Finally, the evaluation of contour-enhanced funnel plots
The size of each grey square is proportional to the study's weight calculated as inverse of variance. RR, relative risk; 95%CI, 95% confidence intervals; M, men; W, women; MW, both men and women. C, colon; R, rectum; CR, colorectal. Ca Exp, number of exposed cases; Co Exp, number of exposed controls; Ca NExp, number of non-exposed cases; Co NExp, number of non-exposed controls. Weights are from random effects analysis.
All studies (I-squared = 76.4%, p = 0.000) Tavani, 1998 Barra, 1992
Choi, 1991 Murata, 1996 All cohort studies (I-squared = 0.0%, p = 0.468) Figure 3 . Pooled risk estimates for colorectal cancer incidence for heavy alcohol drinkers versus nondrinkers or occasional drinkers from case-control and cohort studies reporting estimates for men and women. Heavy alcohol consumption was defined as ‡50 g of alcohol per day ( ‡4 drinks/day). and other methods suggested minor evidence of publication bias.
The results from this large meta-analysis have important public health implications, given the large number of women and, especially, men consuming alcohol and the high incidence of colorectal cancer worldwide and in developed countries in particular. Our results have shown that alcohol consumption was associated with an increase in risk for colorectal cancer, for intakes of >1 drink/day (>12.5 g/day of ethanol). Thus, public health recommendations for colorectal cancer prevention should consider limiting intake of alcoholic beverages. acknowledgements PB, CLV, and MJ conceived and coordinated the study; VF and LS carried out literature search, selected the articles for this meta-analysis, and extracted the data; VB and MR developed the statistical analyses methods; IT, VB, and MR provided assistance in data analyses; and VF conducted the statistical analyses and drafted the paper. All authors contributed substantially to interpreting the data, writing of the manuscript, and critically reviewing the manuscript.
funding
